Abstract. In the present study, the effects of evodiamine on the apoptosis of human gastric cancer cells was studied in order to assess its antitumor effects and identify the molecular mechanisms involved. SGC7901 gastric cancer cells were treated with evodiamine at various concentrations (0, 3, 6, 12, 24 and 48 µmol/l) for 24 h. Inhibition of the proliferation of SGC7901 cells was assessed using an MTT assay. The morphology of treated SGC7901 cells was observed using optical microscopy; in addition, the effect of evodiamine on the nuclear morphology of cells was analyzed using Hoechst 33258 staining with fluorescence microscopy. Annexin V-fluorescein isothiocyanate/propidium iodide staining and flow cytometric analysis were used for investigating the effect of evodiamine on the induction of apoptosis in SGC7901 cells. Expression levels of survivin and caspase-3 were examined using reverse transcription polymerase chain reaction. The results demonstrated that evodiamine significantly inhibited SGC7901 cell proliferation (P<0.05) and induced apoptosis in a dose-dependent manner (P<0.05). Morphological characteristics of apoptosis were confirmed using optical microscopy and Hoechst 33258 staining analysis indicated that evodiamine treatment resulted in the typical characteristics of apoptotic programmed cell death, including cell shrinkage and apoptotic body formation. Flow cytometric analysis demonstrated that evodiamine induced the dose-dependent apoptosis of SGC7901 cells. Messenger (m)RNA levels of survivin decreased and those of caspase-3 increase in a dose-dependent manner in SGC7901 cells treated with various concentrations of evodiamine for 24 h. In conclusion, the results of the present study demonstrated that evodiamine inhibited proliferation and induced apoptosis in gastric cancer cells via the downregulation of survivin and upregulation of caspase-3 mRNA.
Introduction
The balance between cell growth and death is critical for the maintenance of normal tissue architecture (1) . However, the disorder of these processes has been implicated in numerous pathological conditions, including the pathogenesis of cancer (2, 3) . Therefore, inhibition of cell proliferation and induction of apoptosis may result in the effective treatment of various types of cancer. Survivin is a member of the inhibitor of apoptosis family of proteins, which inhibits apoptosis and significantly promotes cell proliferation (4) . Caspase-3 is a key mediator of apoptosis that regulates programmed cell death via two main pathways: The mitochondrial pathway (intrinsic pathway) and the death receptor pathway (extrinsic pathway) (5) .
Evodia rutaecarpa has previously been used in Traditional Chinese medicine and was reported to have various biological functions, including the inhibition of influenza virus-induced inflammation (6) as well as type I and II topoisomerases (7) ; in addition, Evodia rutaecarpa is a source of natural larvicides (8) . Evodiamine was identified as one of the major active substances of Evodia rutaecarpa (5, 9) . Previous studies have reported the antitumor activity of evodiamine; one study demonstrated that evodiamine was able to inhibit proliferation of human thyroid cancer cells through cell cycle arrest at M phase and the induction of apoptosis (10) . In addition, evodiamine was found to inhibit the growth of prostate cancer cells via the induction of apoptosis (11) . However, the antitumor effect of evodiamine in gastric cancer cells remains to be elucidated.
In the present study, SGC7901 human gastric cancer cells were treated with various concentrations of evodiamine for 24 h in order to assess the effect of evodiamine on the regulation of cell proliferation and apoptosis as well as to identify the molecular mechanism involved in its antitumor effects. Morphological observation of apoptosis. SGC7901 cells were seeded at a density of 5x10 4 cells per well on coverslips in six-well plates. Once cells had reached the logarithmic growth phase, evodiamine was administered at concentrations of 0, 3, 6, 12, 24 and 48 µmol/l and cells were cultured for 24 h at 37˚C in a humidified atmosphere of 5% CO 2 . Morphological changes were observed under an inverted phase contrast microscope (DMI4000; Leica, Wetzlar, Germany). Supernatant was collected and centrifuged at 200 x g for 5 min. Cell pellets was resuspended in 4% paraformaldehyde (Sigma-Aldrich) and fixed for 5 min. Following washing three times in PBS (Gibco-BRL), cells were incubated with 10 µl Hochest 33258 (Sigma-Aldrich) for 30 min. Cells were then added to slides and observed under a fluorescence microscope (LSM710; Carl Zeiss Microscopy GmbH, Jena, Germany). For each sample, 500 cells were counted in order to calculate the percentage of apoptotic cells. Experiments were performed in triplicate.
Materials and methods

Cell
Flow cytometric analysis. SGC7901 cells were treated with evodiamine at concentrations of 0, 3, 6, 12, 24 and 48 µmol/l for 24 h. Cells were then collected and adjusted to a density of 1x10 6 cells/ml. Following centrifugation at 200 x g for 5 min, the supernatant was discarded and cells were resuspended in 100 µl precooled PBS. Annexin V-fluorescein isothiocyanate (FITC; 5 µl; Nanjing Keygen Biotech., Co., Ltd., Nanjing, China) and propidium iodide (PI; 10 µl; Nanjing Keygen Biotech., Co., Ltd.) were then added to the cells and incubated in the dark for 15 min at room temperature. Following which, 400 µl PBS was added and the apoptotic cells were analyzed by flow cytometry (BD FACSCanto II; BD Biosciences, Franklin Lakes, NJ, USA).
Reverse transcription polymerase chain reaction (RT-PCR).
Total RNA was extracted from the cells treated with various concentration of evodiamine using TRIzol ® (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions and stored at -80˚C until further use. Following denaturation in diethylpyrocarbonate-treated water (Sangon Biological Engineering Technology and Services Co., Ltd.) for 10 min at 70˚C, 2 µg total RNA was reverse-transcribed into complementary (c)DNA in a reaction volume of 20 µl, which contained 1X RT buffer, 20 Units RNase inhibitor, 50 mM deoxynucleotides (dNTPs), 200 Units Moloney murine leukemia virus reverse transcriptase and 0.5 µg oligo (deoxythymine) 18 primer (all obtained from Promega Corporation, Madison, WI, USA). The reactions was incubated at 42˚C for 60 min and then inactivated at 95˚C for 10 min.
Polymerase chain reaction amplification. Each experiment included samples containing no reverse transcriptase, as negative controls, to exclude amplification from contaminated genomic DNA. Primers (Sangon Biological Engineering Technology and Services Co., Ltd) used for PCR amplification were as follows: Survivin forward, 5'-TTTCTCAAGGACCAC-CGCA-3' and reverse, 5'-CAACCGGACGAATGCTTTTT-3'; Caspase-3 forward, 5'-TGCTTCTGAGCCATGGTGAA-3' and reverse, 5'-TGGCACAAAGCGACTGGAT-3'; and GADPH forward, 5'-ACCACAGTCCATGCCATCAC-3' and reverse, 5'-TCCACCACCCTGTTGCTGTA-3'. PCR amplification was performed using a PTC 225 thermal cycler (MJ Research, St. Bruno, QC, Canada) in a volume of 50 µl, which consisted of 1 µl reaction cDNA mixture, 10 pmol each primer, The amplification was composed of 35 cycles of 94˚C for 40 sec, 57˚C for 40 sec and 72˚C for 1 min, followed by a full extension cycle of 72˚C for 5 min. In each experiment, a negative control was included (0 µmol/l evodiamine). PCR products were then electrophoresed on 1.2% agarose gels (Sangon Biological Engineering Technology and Services Co., Ltd.), stained with ethidium bromide (Sangon Biological Engineering Technology and Services Co., Ltd.) and images were captured using an ultraviolet transilluminator (CUV20; Cell Biosciences, Inc., Santa Clara, CA, USA). Results were expressed for each sample as band intensity relative to that of GAPDH.
Statistical analysis. Data are presented as the mean ± standard deviation. All data were analyzed using a two-tailed unpaired Student's t-test and all statistical analyses were performed using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Evodiamine inhibits gastric cancer cell proliferation. The growth of SGC7901 cells was demonstrated to be significantly inhibited following evodiamine treatment compared with that of the control group (P<0.05), with the inhibition rate gradually increasing in a dose-dependent manner (Table I) .
Evodiamine induces gastric cancer cell apoptosis. Morphological changes observed in SGC7901 cells following evodiamine treatment are shown in Fig. 1 . Treated cells exhibited a rounded shape; in addition, shrinkage, nuclear condensation and fragmentation were observed in evodiamine-treated cells, while the negative control cells had an irregular shape (fusiform or polygonal) and certain cells were integrated to form colonies. The apoptosis of SGC7901 cells was also observed under a fluorescent microscope. Following 24 h of evodiamine incubation, SGC7901 cells demonstrated signs of shrinkage, cytoplasmic concentration, nuclei pyknosis, chromatin margination and the formation of apoptotic bodies (Fig. 2) . Apoptotic cells were quantified and the results demonstrated that evodiamine significantly increased the rate of early and late apoptosis or necrosis in SGC7901 cells in a dose-dependent manner (P<0.05) (Table II ). In addition, as shown in Fig. 3 , increasing concentrations of evodiamine resulted in an increase in the early apoptotic rate of SGC7901 cells, as determined by Annexin V-FITC/PI double staining (Fig. 3) .
Evodiamine attenuates gastric cancer cell growth through deregulation of survivin and caspase-3. As shown in Fig. 4 , compared with the negative control cells, SGC7901 cells treated with evodiamine exhibited a decreased expression of survivin messenger (m)RNA; in addition, survivin expression was further decreased with increasing concentrations of evodiamine. Furthermore, compared with the negative control group, evodiamine gradually upregulated the expression of caspase-3 mRNA in SGC7901 cells in a dose-dependent manner following 24 h of incubation (Fig. 4) .
Discussion
The present study aimed to investigate the role of evodiamine, a natural active ingredient of the Traditional Chinese medicine Evodia rutaecarpa, in gastric cancer cells. The results revealed that evodiamine inhibited the proliferation of SGC7901 cells. In addition, using inverted phase contrast microscopy and fluorescence microscopy, cell shrinkage, concentrated cytoplasm, pyknotic nuclei, chromatin margination, nuclear fragmentation and the formation of apoptotic bodies were observed in evodiamine-treated SGC7901 cells.
Previous studies have reported a close association between apoptosis and tumor development (12, 13) . Therefore, the exploration of the mechanisms underlying drug-induced tumor cell apoptosis is essential for improving drug efficacy and the development of novel anticancer drugs. In the present study, it was demonstrated that gastric cancer cells treated with evodiamine exhibited a concentration-dependent increase in the number of apoptotic and necrotic cells, as determined using Annexin V-FITC/PI double staining.
Survivin is a member of the inhibitors of apoptosis proteins gene family, which has been reported to have important roles in the inhibition of apoptosis and is predominantly expressed in the mitotic cycle of cells in S and G 2 /M phase (4) . Survivin was demonstrated to be widely expressed in a variety of tumor tissues; in addition, the expression of survivin was found to be deregulated in cancer cells (14, 15) . Survivin expression in gastric cancer was reported to be negatively correlated with apoptosis index (16) , which is concurrent with the results of the present study that showed a gradual decrease in survivin mRNA expression with increased concentrations of evodiamine. This therefore suggested that evodiamine may decrease survivin mRNA expression. Caspases are cysteine proteases, which were named due to their strict specificity for cleaving peptide sequences at the C-terminal of aspartic acid residues (17) . Once activated, effector caspases induce a series of hydrolysis reactions, which ultimately lead to the initiation of cell death (18) . It is widely recognized that caspase-3 is a key protease and an essential effector agent involved in hydrolysis, which acts alone or in combination with the apoptosis-associated proteins (19, 20) . Activation of caspase-3 inevitably leads to the initiation of cascades, which result in the induction of apoptosis (21) . The results of the present study demonstrated that mRNA levels of caspase-3 in SGC7901 cells were gradually increased with increasing concentrations of evodiamine.
The results of the present study indicated that evodiamine-induced SGC7901 cell apoptosis may be associated with decreased expression levels of survivin and increased expression levels of caspase-3. Thus, evodiamine may present a potential treatment for gastric cancer. In addition, further studies are required to investigate the combined therapeutic effect of chemotherapy and evodiamine for the treatment of gastric cancer.
